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P REFAC E 
The study reported here is an attempt to increase the under- 
standing of the lunar environment. It may increase our knowledge 
of the lunar atmosphere and of parameters of possible interest to 
radio communications and to studies of the lunar surface made with 
radio techniques. It is part of a series of studies on particles 
and fields supported under Contract NASr-21(05) by the National 
Aeronautics and Space Administration. 
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ABSTRACT 
The e f f e c t s  of i n t e rp l ane ta ry  magnetic f i e l d s  on t h e  flow of 
plasma around t h e  moon are considered.  I f  t h e  moon possesses  a 
n e g l i g i b l e  magnetic f i e l d ,  and i f  the conduc t iv i ty  of the  moon 
6 -1 i s  not  apprec iab ly  less than 10 sec i n  Gaussian u n i t s ,  a crude 
a n a l y s i s  i n d i c a t e s  t h a t  most of t h e  s o l a r  wind i s  d e f l e c t e d  around 
t h e  moon and only a small f r a c t i o n  a c t u a l l y  s t r i k e s  the  lunar  s u r -  
face.  Consequences f o r  r ecen t  models of t h e  lunar  atmosphere are 
b r i e f l y  discussed.  , 
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Although the  lunar  atmosphere and the  lunar  magnetic f i e l d  have 
long been a sub jec t  of  specu la t ion  and a n a l y s i s ,  on ly  r e c e n t l y  has  
the  ex i s t ence  of the s o l a r  wind been e s t a b l i s h e d  and  i t s  e f f e c t s  on t h e  
moon considered.  Gold (1962; 1964) has  pointed o u t  t h a t  t he  i n t e r -  
a c t i o n  of i n t e r p l a n e t a r y  e l e c t r i c  and magnetic f i e l d s  wi th  the  moon has  
many i n t e r e s t i n g  consequences. I n  t h i s  paper  a n  a t tempt  i s  made t o  
e s t i m a t e  q u a n t i t a t i v e l y  t h e  e f f e c t s  of magnetic f i e l d s  i n  d e f l e c t i n g  
the  s o l a r  wind around the  moon. It i s  concluded t h a t  even i f  the  moon 
possesses  no i n t r i n s i c  magnetic f i e l d  s i m i l a r  t o  t h a t  of t he  e a r t h ,  
f i e l d s  induced by t h e  s o l a r  wind d e f l e c t  most of t h e  plasma around 
t h e  moon, a l lowing only  a small  f r a c t i o n  t o  s t r i k e  the  lunar  s u r f a c e .  
Consider f i r s t  t h e  p o s s i b i l i t y  t h a t  t h e  moon may possess  an 
i n t r i n s i c  d ipo le  magnetic f i e l d  s t rong  enough t o  t u r n  a s i d e  the  s o l a r  
wind before  i t  s t r i k e s  the  lunar  su r face .  I n  t h i s  event  t he  flow 
around the  moon should be analogous t o  t h a t  around the  e a r t h ' s  
magnetosphere. Within the  lunar  magnetosphere a tenuous c l a s s i c a l  
atmosphere and ionosphere would be a b l e  t o  develop, as d iscussed  by 
Ves t ine  (1958). However, t h e  observa t ions  by t h e  second Sovie t  cosmic 
r o c k e t ,  p l ac ing  an  upper l i m i t  of less than  low on t h e  su r face  f i e l d  
i n t e n s i t y  (Dolginov, e t  a l . ,  1960), impose very  s t r i n g e n t  c o n s t r a i n t s  
on any d i p o l e  f i e l d .  Fo r  example, it p laces  a s m a l l  upper l i m i t  on t h e  
r a d i u s  o f  any lunar  magnetosphere. The r e c e n t  observa t ions  (Ness, 
Scearce ,  and Seek, 1964) i n d i c a t e  t h a t  t h e  magnetospheric f i e l d  of 
t h e  e a r t h  j u s t  i n s i d e  the  magnetopause i s  about 4Oy, approximately 
h a l f  of which i s  due t o  the  e a r t h ' s  d i p o l e  f i e l d  and ha l f  of which 
i s  caused by c u r r e n t s  a t  t h e  magnetopause. Assuming the  lunar  f i e l d  
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conf igura t ion  t o  be e s s e n t i a l l y  the  same, and remembering t h a t  t h e  d i p o l e  
f i e l d  i n t e n s i t y  decreases  a s  the  inve r se  cube of the  r a d i u s ,  we can 
o b t a i n  an upper bound on the  r a d i u s  of the  lunar  magnetosphere by 
r equ i r ing  the  d i p o l e  f i e l d  t o  b e  less than  l O O y  a t  t he  su r face  of 
t h e  moon and 2Oy a t  the  magnetopause. This  g ives  R(magnetopause) 
5 1.7 R(moon) . 
t o  s o l a r  a c t i v i t y  (Kopal and Rackham, 1964), might argue a g a i n s t  t h e  
ex i s t ence  of such a magnetosphere, a l though it is p o s s i b l e  t h a t  t h e  
magnetic f i e l d  i s  blown away o r  pushed i n t o  t h e  moon dur ing  per iods  of 
i n t e n s e  s o l a r  a c t i v i t y ,  a l lowing p a r t i c l e s  t o  s t r i k e  t h e  su r face .  
U n t i l  more d e t a i l e d  observa t ions  are ob ta ined ,  such a d i p o l e  f i e l d  
model must remain a d e f i n i t e  p o s s i b i l i t y .  
Lunar su r face  luminescence, which i s  apparent ly  r e l a t e d  
The more i n t e r e s t i n g  p o s s i b i l i t y  i s  t h a t  t he  moon possess  a 
n e g l i g i b l e  i n t r i n s i c  magnetic f i e l d ,  the  f i e l d  a s s o c i a t e d  wi th  t h e  
moon being induced by t h e  i n t e r p l a n e t a r y  e l e c t r i c  and magnetic f i e l d s .  
Although a d e t a i l e d  model of such a s i t u a t i o n  must depend on complicated 
phenomena a t  t h e  luna r  su r face ,  s m e  g e n e r a l  conclus ions  concerning 
t h e  flow may be drawn independent of such d e t a i l e d  boundary c o n d i t i o n s .  
It i s  argued below t h a t ,  even wi th  conse rva t ive  e s t i m a t e s  of the  
conduct iv i ty  of t he  moon, on ly  a small  percentage of  t h e  s o l a r  wind 
(or a s soc ia t ed  magnetic f i e l d )  a c t u a l l y  impinges on t h e  lunar  s u r f a c e ,  
the remainder being d e f l e c t e d  around t h e  moon. 
The moon may be regarded a s  a conduct ing body immersed i n  t h e  
s o l a r  wind, the  i n t e r a c t i o n  of which w i t h  t h e  s o l a r  wind and i t s  
assoc ia ted  f i e l d s  i s  determined by processes  o c c u r r i n g  a t  the  su r face  
and by t h e  induct ion  and decay of e lec t r ic  c u r r e n t s  i n  t h e  i n t e r i o r .  
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I f  t h e  conduc t iv i ty  of t h e  moon were p r e c i s e l y  ze ro ,  then t h e  su r face  
e f f e c t s  themselves would determine t h e  n a t u r e  of t h e  i n t e r a c t i o n  s i n c e  
t h e r e  would then be no magnetic e f f e c t s  i n  t h e  i n t e r i o r .  The poss ib l e  
su r face  e f f e c t s  a r e  many and mixed. I n c i d e n t  i ons  may be n e u t r a l i z e d  
wi th  vary ing  degrees of e f f i c i e n c y  o r  may be 100 p e r  c e n t  r e f l e c t e d .  
The h igh  mob i l i t y  o f  e l e c t r o n s  may r e s u l t  i n  su r face  e lec t r ic  f i e l d s .  
For t h e  p re sen t ,  though, it i s  s u f f i c i e n t  t o  no te  t h a t  p e r f e c t  
n e u t r a l i z a t i o n  of a l l  i ons  inc ident  on t h e  s u r f a c e  of t h e  moon probably 
g i v e s  an upper bound on the r a t e  t h a t  t h e  ions  may s t r i k e  t h e  moon, 
f o r  t h e  c u r r e n t  s e t  up by r e f l e c t e d  ions  enhances t h e  e x t e r n a l  magnetic 
f i e l d ,  t ending  t o  d e f l e c t  p a r t i c l e s  away from t h e  s u r f a c e .  
The f i n i t e  conduc t iv i ty  of t h e  i n t e r i o r  o f  t h e  moon impedes t h e  
magnetic f i e l d  l i n e s  as they  pass through t h e  moon. Magnetic f i e l d s  
i n  uniform conducting media obey the  f a m i l i a r  d i f f u s i o n  equat ion ,  
which may be w r i t t e n  i n  Gaussian u n i t s  a s  
(e .g . ,  Landau and L i f s h i t z ,  1960, Chapter V I I ) .  Here 5 i s  the  
c o n d u c t i v i t y  o f  t h e  medium, c i s  t h e  v e l o c i t y  of l i g h t ,  and p t h e  
magnetic permeabi l i ty  h a s  been taken t o  be u n i t y .  Equation (1) i s  a 
d i f f u s i o n  equat ion  wi th  d i f f u s i o n  cons t an t  c /4m; one can Vi sua l i ze  
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it as g iv ing  t h e  r a t e  o f  d i f fus ion  o f  f i e l d  l i n e s  through t h e  medium. 
There are s e v e r a l  ways of showing t h a t  i n  t h e  moon the  d i f f u s i v i t y  
i s  so small  t h a t  most o f  t h e  magnetic f i e l d  l i n e s  convected t o  t h e  
moon by the  s o l a r  wind s i m p l y  s l i p  around t h e  moon i n s t e a d  of passing 
through i t .  
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We consider  f i r s t  a model i n  which a s teady  s o l a r  wind wi th  
v e l o c i t y  v 
without  being d e f l e c t e d .  
so  the Poynting v e c t o r A =  v - , where v i s  the  component o f  v 
normal t o A w .  
onto  the  moon. 
and an a s soc ia t ed  magnetic f i e l d &  impinge on the  moon 
The e l e c t r i c  f i e l d  i s  given by E = - v x s w / C ,  - nnA -w 2 
4n 
Bw 
Nrrn anw 
-2 -1 
sec  
nyl 
Thus the  undeflected s o l a r  wind convects  S e r g s  cm 
The order  of  magnitude of t he  d i f f u s i o n  v e l o c i t y  of 
t h e  magnetic f i e l d  i n s i d e  the  moon obta ined  from Eq. (1) i s  
n 
L 
C v -- , where % i s  t h e  lunar  r a d i u s .  The energy f l u x  i s  then 
A 
D - 8170% 
L of the  order  of vD %/4n, where B 
f i e l d .  
i s  an average i n t e r i o r  magnetic M 
To maintain a s teady  s t a t e ,  t h e r e f o r e ,  we r e q u i r e  t h a t  very  
approxima tel  y _ _  
2 2 
BM 
B2 c 
W .. - N- -
o r ,  f o r  a nominal s o l a r  wind v e l o c i t y  of  5 x lo7 cm2 sec" (Snyder 
and Neugebauer , 1964) 
Although observa t iona l  evidence i s  meager, a su r face  conduc t iv i ty  of  
a few times 10 sec appears  t o  be a reasonable  estimate.  Radar 
observat ions of the moon y i e l d  va lues  of  a few times 10 sec 
6 -1 
6 -1 
(Senior ,  S i ege l ,  and Giraud, 1962),  and t e r r e s t r i a l  c r u s t a l  rocks  tend 
t o  have conduc t iv i t i e s  g r e a t e r  than about  10 sec  (Fleming, 1939, 
p .  288). Since 0 i s  expected t o  i n c r e a s e  w i t h  depth ,  a va lue  of 10 
-1 sec 
6 -1 
-6 
w i l l  provide a lower bound and w e  conclude t h a t  BM/Bw 2 30 f o r  
t h i s  model. 
I . 
I 
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Now, al though Eq. (3) is c e r t a i n l y  no t  reliable t o  more than  a 
f a c t o r  of 5, o r  perhaps 10, it i s  probable t h a t  % i s  more than a 
f a c t o r  o f  10 l a r g e r  than  B . Since t h e  motion of t h e  magnetic f i e l d  i s  
governed by a d i f f u s i o n  equat ion ,  it i s  c l e a r  t h a t  t h e  f i e l d  w i l l  
decrease away from t h e  sunward sur face  of the  moon. Thus i f  
the f i e l d  a t  t h e  s u r f a c e ,  BMS > Bw. 
e s t a b l i s h e d  t h a t  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n t e n s i t y  B i s  
normally about  5y(5 . x 10 
r e q u i r e s  a f i e l d  of t h e  o rde r  of or  somewhat g r e a t e r  than 1 O O y  a t  
t h e  luna r  su r face .  Th i s  i s  probably i n c o n s i s t e n t  wi th  t h e  Sov ie t  
observa t ions  i n d i c a t i n g  t h a t  BMS ZlOOy (Dolginov, e t  a l . ,  1960) and 
i s ,  fur thermore ,  s u f f i c i e n t  t o  cause s u b s t a n t i a l  d e f l e c t i o n  of the  
s o l a r  plasma, i n  c o n t r a d i c t i o n  t o  the  assumed model. Therefore  i f  
the  e l ec t r i ca l  conduc t iv i ty  of t he  moon i s  n o t  much less than 10 sec  
i t  i s  u n l i k e l y  t h a t  t h e  s o l a r  wind flows on to  the lunar  su r face  
undef lec ted .  
W 
%is is 
Recent obse rva t ions  have 
W 
-5 Gauss), and w e  may conclude t h a t  t h i s  model 
6 -1 , 
The magnetic f i e l d  near t h e  subsolar  po in t  w i l l  tend t o  b u i l d  up t o  
a v a l u e  which is  s u f f i c i e n t  t o  d e f l e c t  much of the s o l a r  wind and i t s  
a s s o c i a t e d  magnetic f i e l d  around the moon. 
were less than  t h e  Alfve/n v e l o c i t y ,  t h e  f low would simply a d j u s t  i t s e l f  
s o  that  some of t h e  plasma flowed around t h e  moon. 
v e l o c i t y  i s  a c t u a l l y  seve ra l  times the  Alfve/n v e l o c i t y ,  the  s i t u a t i o n  
i s  similar t o  supersonic  flow i n  a f l u i d ,  so something analogous t o  t h e  
s t and ing  bow shock of t he  e a r t h  mus t  be s e t  up.  
t he  plasma a d j u s t s  i t s e l f  t o  flow around the  moon. 
I f  t h e  s o l a r  wind v e l o c i t y  
S ince  t h e  s o l a r  wind 
Behind t h e  shock 
I f  t he  l a r g e - s c a l e  
v x z  
hM 
aspects of t h i s  flow a r e  s t i l l  assumed t o  s a t i s f y  E = -  , we can 
Inn- 
C 
6 
o b t a i n  a crude upper bound on t h e  r a t i o  Q of t h e  amount of  plasma a c t u a l l y  
s t r i k i n g  t h e  lunar  su r face  t o  the  amount t h a t  would s t r i k e  i f  t h e  flow 
were undeflected.  From Eqs. (2) and (3) one r e a d i l y  o b t a i n s  
2 QSZ 0 (F) 
Pressure balance and momentum conserva t ion  r e q u i r e  t h a t  i f  any p a r t i c l e s  
a r e  to  s t r i k e  the  lunar  s u r f a c e ,  s a t i s f y  
2 - < n m v  
w p w  ' 
4 s  
817 
( 5 )  
where n i s  the  s o l a r  wind proton dens i ty  and m i s  t h e  proton mass. 
7 -1 
Nominal s o l a r  wind parameters a r e  n - 5 c m  
and Bw ", 5y = 5 x loo5 Gauss (Snyder and Neugebauer, 1964; Ness, Scearce ,  
and Seek, 1964). Th i s  y i e l d s  d 5Oy and, i f  0 2 10 sec , Q - 0.1. 
It i s  l i k e l y  t h a t  the a c t u a l  va lue  of Q is s u b s t a n t i a l l y  less than  t h i s  
W P - 5 x 10 cm sec -3 ' "w W 
6 -1 < 
crude upper bound. 
The a n a l y s i s  i n d i c a t e s ,  t h e r e f o r e ,  t h a t  i f  t he  c o n d u c t i v i t y  of 
6 -1 the  moon i s  not  much l e s s  than 10 sec , most of t he  s o l a r  plasma 
flows around t h e  moon. 
i n  many r e s p e c t s  t o  t h e  flow of s o l a r  wind around the  e a r t h ' s  
magnetosphere. 
magnetosphere a r e  seldom i n  excess  of 30--5@. 
expected f o r  the  moon, so t h i s  model i s  c o n s i s t e n t  w i th  t h e  Sov ie t  
magnetometer r e s u l t s  mentioned above, which prec lude  f i e l d s  i n  
excess of l o & .  
The flow of plasma is  expected t o  be similar 
I n  the  case of t h e  e a r t h ,  t h e  f i e l d s  o u t s i d e  t h e  
The same would be 
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Severa l  au tho r s  have considered t h e  e f f e c t s  of t h e  s o l a r  wind 
on a lunar  atmosphere, concluding t h a t  i f  t h e  s o l a r  wind i s  f r e e  
to  p e n e t r a t e  t o  t h e  su r face  of the moon, a c c r e t i o n  and removal by the  
~ _--- _ -  
wind dominate t h e  evolu t ion  of the atmosphere ( e . g . ,  Herr ing  and 
L i c h t ,  1960; Weil and Barasch, 1963; Berns t e in ,  e t  a l . ,  1964; Hinton 
and Taeusch, 1964; and Michel, 1964). Michel (1964) also considered 
a p o t e n t i a l  flow model i n  which a l l  of t he  s o l a r  wind i s  de f l ec t ed  
around the  moon. H e  concluded t h a t  t he  a c c r e t i o n  of plasma i s  
unimportant bu t  t h a t  a t t e n u a t i o n  by t h e  s o l a r  wind i s  s t i l l  impor tan t .  
I n  the  l i g h t  of t h e  present  ana lys i s  i t  i s  l i k e l y  t h a t  t h e  l a t t e r  
model i s  more n e a r l y  c o r r e c t ,  al though t h e r e  appa ren t ly  i s  no phys ica l  
b a s i s  f o r  t h e  assumption of p o t e n t i a l  f low.  
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